During neural development caudalization and dorsoventral patterning of the neural tube is directed by several inductive factors including retinoic acid, sonic hedgehog (Shh), bone morphogenetic proteins (BMPs), and Wnt signaling. The purpose of the current study was to investigate whether dorsal interneurons specific for the spinal cord can be generated from mouse embryonic stem (ES) cells using known inductive signals. Here we show that specific combination of developmental signaling molecules including all trans-retinoic acid, Shh, bone morphogenetic protein 2 (BMP2), and Wnt3A can direct differentiation of ES cells into dorsal interneurons possessing appropriate neuronal markers, synaptic proteins and functional neurotransmitter machineries. We introduce a concept that Wnt3A morphogenic action relies on crosstalk with both Shh and BMP2 signaling pathways.
ecent observations have shown that stem cells can be generated in different adult tissues throughout life. The ability of stem cells to differentiate into a variety of specialized cells has brought into focus their possible therapeutic potential (1, 2) . Because ES cells can be easily maintained, propagated, and genetically manipulated they can be a better source of specialized cells for therapeutic purposes. Studies have shown that transplantation of ES cells may lead to integration of transplanted cells with the host tissue and functional recovery in a model of spinal cord injury (3, 4) . Transplanting low doses of undifferentiated mouse embryonic stem (ES) cells into the rat striatum resulted in a proliferation of ES cells into fully differentiated dopamine neurons (5) . ES cell-derived dopamine neurons caused gradual and sustained behavioral restoration of dopamine -mediated motor asymmetry (5) . Transplantation of dopamine neurons induced by Nurr1 overexpression in rat model of Parkinson's disease produced electrophysiological and behavioral properties expected of neurons from the midbrain (6) . In coculture condition, treatment of ES cells with cytokines and growth factors allowed to obtain a variety of nerve cells including dopaminergic neurons (7) . Transplantation of ES cellderived dopaminergic neurons corrected the phenotype of a mouse model of Parkinson disease (7) . In another study, transplantation of neuronal and glial precursors derived from ES cells dramatically improved sensorimotor function in the traumatically injured brain (8) . However, in the majority of cases, transplanted cells differentiated into oligodendrocytes and astrocytes, while less than 10% differentiated into neurons (4, 9) . Therefore, one of the major challenges in cell therapy is to develop a reliable protocol for the pre-differentiation of ES cells into specific neuronal phenotype. Clues to potential factors involved in induction of neuronal phenotype can be unveiled by studying neural development.
The development of spinal cord is guided by several signaling molecules including sonic hedgehog (Shh) and retinoic acid (RA). RA induces differentiation of neural progenitors along rostral/caudal axis, while Shh together with bone morphogenetic proteins (BMPs) induce differentiation along ventral/dorsal axis (10, 11) . Later, regulation of motor neuron development is directed by homeodomain transcription factor Pax6 (12, 13) , and differential expression of transcription factor HB9 (14) . Indeed, treatment of ES cells with RA and Shh has been shown to induce expression of HB9 with subsequent differentiation of ES cells into motor neurons (15) . While differentiation of ES cells into motor neurons may be successfully achieved by treatments with RA and Shh, the mechanism of differentiation of dorsal horn interneurons is far from clear. Little is known about the signals that induce initial dorsal character (16) . At the neural tube stage, BMPs are required for initial differentiation of dorsal neural cell types, while Wnt signaling plays a role in further specification of caudal neural cells (16) . There is an indication that Wnt signaling is involved in dorsal patterning of the spinal cord downstream of BMPs (11) . During neural development, Wnt signals induce proliferation of neural progenitors and also differentiation of interneurons in the dorsal spinal cord. Recently the induction of GABAergic interneurons in culture has been achieved by sequential activation of Shh and BMP signaling (17) . This indicates that interaction between several signaling pathways including, Shh, BMP and Wnt may be critical for development of dorsal interneurons. Given this, we have investigated the effects of known inductive signals on neuronal differentiation, in attempt to generate dorsal interneurons specific for the spinal cord from mouse ES cells. Our results demonstrate that orderly application of developmental signaling molecules including RA, Shh, bone morphogenetic protein 2 (BMP2), and Wnt3A directs differentiation of ES cells into dorsal interneurons possessing appropriate neuronal markers, synaptic proteins, and neurotransmitter machineries.
MATERIALS AND METHODS

ES cell culture and differentiation
Mouse embryonic stem (ES) cells (WW6, American Type Culture Collection, Manassas, VA) were routinely passaged every 2 days in gelatinized 25 cm flasks at a density of ~1x10 6 cells in DMEM with high glucose (Stem Cells Technologies) in the presence of ESGRO (recombinant mouse LIF) 1000 U/ ml (Chemicon International, Temecula, CA) and 1 X penicillin/streptomycin (GIBCO, Invitrogen Corporation, Carlsbad, CA). For the induction of differentiation a modified 4-/4+ protocol (18) was employed. ES cells were first harvested from a confluent flask. Cells were washed with Ca ++ /Mg ++ -free Dulbecco's Phosphate Buffered Saline (D-PBS), trypsinized (2 ml of 0.25% trypsin/EDTA) for 2-3 min, resuspended in 5 ml of IMEM-10% differentiation fetal bovine serum (FBS) (GIBCO) and centrifuged (1,200 rpm, 8 min) . Approximately 1/4 (~3 × 10 6 cells) of ES cells from one nearly confluent (85-90%) 25 cm flask were resuspended in 10 ml of differentiation medium (DM) (IMDM, 15% FBS, 2 mM L-Glutamine, 0.1 mM non-essential amino acids, penicillin 100 U/ml, streptomycin 100 µg/ml) and cultured in 100 mm non-adhesive Petri dishes to allow cells to aggregate and form embryoid bodies (EBs). The medium was replaced every 2 days. After 4 days EBs were gently transferred to a 15 ml tube, and allowed to settle to the bottom (~10 min). The medium was replaced and EBs were transferred back into the original dish by pipetting. At day 5, all trans-retinoic acid (Sigma, St. Louis, MO) (1x10 −6 M), recombinant mouse Shh (R&D Systems, Inc., Minneapolis, MN) (50 ng/ml), recombinant human BMP2 (PeproTech, Inc., Rocky Hill, NJ) (10 ng/ml), recombinant mouse Wnt3A (R&D Systems) (10 ng/ml) were applied in different combinations, and the cells were cultured for another 2 days. A schematic representation of all treatments is provided in Fig. 1 . At day 7, the medium was replaced and all treatments were repeated. Recombinant mouse Wnt3A (R&D Systems) (10 ng/ml) was added to one treatment group on day 7. All treatments were continued for another 2 days. On day 8, EBs were collected and seeded on poly-l-ornithine/fibronectin coated flasks in DM. The treatment with Wnt3A, Shh and BMP2 was continued for another day. On day 9, the medium was replaced with a 1:1 mix of DM with Neurobasal medium plus B27 supplement (GIBCO). On day 11, the medium was changed to pure Neurobasal medium plus B27 supplement. The cells were allowed to differentiate for another 2 days. On day 14, the cells were seeded on poly-l-ornithine/fibronectin coated cover glasses. After 24 h, the cells were fixed with 4% paraformaldehyde in PBS (pH 7.4) and processed for immunocytochemistry. In some experiments BMP antagonist, recombinant human noggin (3µg/ml) (PeproTech, Inc., Rocky Hill, NJ), and Shh inhibitor, SANT-1 (30 nM) (EMD Biosciences, Inc., San Diego, CA) were added to cell culture. All experiments were repeated 3-4 times and all cell cultures were run in triplicates.
Antibodies
The following antibodies were used for immunostaining procedures. Anti -MAP-2 rabbit polyclonal antibodies (immunoreactivity with neuronal MAP-2A and MAP-2B) (dilution 1: 2000) (Chemicon), mouse monoclonal antibodies against Lim2 (1:100) (Developmental Studies Hybridoma Bank), and mouse monoclonal MNR2/HB9 (1:100) antibodies (Developmental Studies Hybridoma Bank), anti-synapsin rabbit polyclonal antibodies 1:1000 (Sigma); antisynaptophysin mouse monoclonal 1:400 (Sigma), anti-PSD95 monoclonal 1:500 (Upstate Biotechnology, Waltham, MA), anti-choline acetyltransferase (Chat) rabbit polyclonal antibodies 1:100 (Chemicon), anti-glutamate decarboxylase (GAD67) rabbit polyclonal antibodies 1:1000 (Chemicon), anti-glutamate rabbit polyclonal antibodies 1:15000 (Sigma), anti-phospho-histone H3 (Ser10) mouse monoclonal 1:100 (Cell Signaling Technology, Beverly, MA). For immunofluorescence all primary antibodies were applied in 1:100 dilution.
Immunofluorescence
Cells were first washed for 5 min in cold PBS, and then fixed with 4% paraformaldehyde for 5 min. Cells were then washed three times in PBST (PBS with 0.3% Triton X-100) for 5 min at room temperature, and permeabilized with 80% cold methanol for 10 min. Cells were subsequently washed in PBST, and pre-blocked with 10% normal goat serum for 1 h. Cells were incubated with primary antibodies overnight at 4°C on a rocker. Secondary fluoresceinconjugated anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) or Texas Red-conjugated anti-mouse IgG (Jackson ImmunoResearch Laboratories) were applied in 1:100 dilution for 1 h at room temperature. Cells were then washed with PBST and stained with DAPI (Sigma) for 5 min. Cells were rinsed with dH 2 O and the cover glasses were mounted on slides using anti-fading Gel/Mount (Biomeda, Foster City, CA). Pre-incubation with recombinant proteins and incubation without primary or secondary antibodies were used as negative controls (data not shown). Analyses on double-stained specimens were performed using filter sets for Texas Red, fluorescein, and DAPI using an Olympus IMT-2 inverted microscope. Images were captured using Spot digital camera (Diagnostic Instruments, Sterling Heights, MI). All experiments were repeated 3 times.
Immunocytochemistry
Immunocytochemical staining was performed according to our laboratory protocol, as described previously (8) . Cells were first washed for 5 min in PBS, and then incubated for 10 min in icecold 80% methanol containing 0.3% hydrogen peroxide to abolish endogenous peroxidase activity. Cells were then washed three times in PBST for 5 min, then incubated in avidin and biotin (Avidin/Biotin Blocking Kit, Vector Laboratories, Burlingame, CA) for 15 min, consequently rinsed with PBS, followed by a 1 h incubation with blocking solution (10% normal goat serum in PBST). Cells were incubated with primary antibodies overnight at 4°C. Subsequently, they were washed three times for 10 min with PBST and incubated with secondary biotinylated antibodies for one hour. Cells were washed again three times in PBST for 10 min and incubated for two hours in Elite ABC reagent (avidin-biotinylated horseradish peroxidase complex, Vector Laboratories). Cells antigens were visualized with a DAB Substrate Kit for Peroxidase (Vector Laboratories). Staining without primary and secondary antibodies served as negative controls. After staining, coverslips were air dried, incubated in histoclear 2 x15 min and permanently mounted with Permount (Fisher Scientific). Images were taken using a Nikon Eclipse TS100 inverted microscope with attached Kodak DC290 digital camera and an Olympus IMT-2 inverted microscope with attached Spot digital camera.
Quantification of neurons, measurement of neurite length and neurite branching
Quantification of neuron counts and measurement of neurite length and branching was performed according to a protocol described elsewhere (19) . To visualize neuronal morphology, cells were stained with neuron-specific anti-MAP-2 polyclonal antibodies (Chemicon). Images of the cells were taken at 40x magnification using Spot digital camera and Spot Software v.3.5.8 (Diagnostic Instruments, Sterling Heights, MI). There were 10-30 individual images taken from each cover glass. The number of neurons and the total number of cells were counted using NIH ImageJ software (NIH). Neurite length was measured only in neurons, which were completely distinguishable from neighboring cells. ImageJ software was used for tracing neurites and for the calculation of neurite length. The number of neurite branches was counted manually after the entire neuron was traced. Processes initiated from the cell body were scored if they extended greater than one cell body in length from the neurite. Secondary and higher order branches of the neurites were scored after a branch point. All experiments were repeated 3 times.
Apoptosis assay
Apoptosis assay on cultured cells was performed using in situ Cell Death Detection Kit, TMRred (Roche Diagnostics Corporation, Indianapolis, IN) according to manufacturer's instructions.
Analytical procedure for determination of glutamic acid and GABA (γ-amino-butyric acid)
Samples were acidified (pH 2.2) by addition of 0.2 M sodium citrate buffer, pH 2.2 in at least equal volume or by addition of 0.1 N HCl to facilitate loading for analysis (to 50 µl) as a mixture of free amino acids or acid hydrolysate. The sample was injected automatically onto a 4 × 150 mm cation exchange column (Pickering Laboratories, Inc., Mountain View, CA). The chromatogram was developed beginning with 0.2 N sodium citrate buffer, pH 3.15 at 0.4 ml/min. thermostatted at 56°C. The initial isocratic elution was followed with a linear gradient after 10 min to 1.0 N sodium citrate buffer, pH 7.4 over 30 min that was maintained for an additional 20 min. Total time of analysis was 60 min. There was an additional regeneration and reequilibration period following each analysis of 8 min. Detection was linear between 1 pmole and 10 nanomoles for each amino acid, with special provisions depending upon a specific amino acid. The detection agent was ninhydrin which was added with a post-column analytical system that produces a product that absorbs maximally at 570 nm (proline and other secondary amines have a 440 nm absorbance maximum). Amounts of each amino acid were determined by comparison with results of analysis of a NIST-traceable calibration mixture of 18 common amino acids (Pickering Laboratories). Other amino acid standards were the result of custom design. The analytical system incorporates a computer (PC) for instrument control, data collection, and analysis (Dionex BioLC and AI450 Control and Data Analysis Systems; Dionex Corporation, Sunnyvale, CA).
Statistical analysis
Statistical analysis was performed with one-way ANOVA Newman-Keuls Multiple Comparison Test using Prism (GraphPad Prism version 3.00 for Windows, GraphPad Software, San Diego, CA).
RESULTS
Wnt3A potentiates neuronal differentiation of ES cells
To investigate role of Wnt3A in neuronal differentiation, we examined the effects of Wnt3A applied alone or in combination with other inductive factors including RA, Shh, and BMP2 on the total number of neurons generated from ES cells after 15 days of culture (for schematic representation of treatment groups see Fig. 1 ). On day 16, the cultures were fixed with 4% paraformaldehyde in PBS (pH 7.4) and processed for immunocytochemistry for MAP-2, a neuron-specific marker. Immunocytochemical staining revealed a significant increase in the total number of neurons (66.7± 7.6, n=13) in group 6 (treated with RA, Shh, BMP2 and Wnt3A) in comparison to all other groups ( Fig. 2A) . Interestingly, the treatment in group 5 (RA, Shh, and BMP2) showed a tendency to produce a higher number of neurons (53.6± 3.3, n=39) relative to group 1, 2, 3, and 4 correspondingly, but without reaching a statistical difference. It should also be noted that the treatment of ES cells with Wnt3A and RA (group 4) did not affect total number of neurons (38.6± 4.2, n=22) as compared with RA treatment alone (group1) (37.0 ±5.5, n=11). Similarly, treatment with BMP2 and RA (group 3) (34.3± 2.9, n=30), and treatment with Shh and RA (group 2) (45.9± 4.0, n=24) did not affect total counts of neurons in comparison to group 1 (37.0±5.5; n=11). Thus, our experiments showed that separate treatment of ES cells with inductive factors including Shh, BMP2, and Wnt3A, failed to produce higher numbers of neurons, while application of the same factors in combination produced a new, inductive effect responsible for the increased neuronal differentiation. These results indicate that Wnt3A action may depend on both Shh and BMP2 signaling.
Wnt3A increases number of Lim2 positive neurons
It is well known that during spinal cord development the differentiation of neuronal progenitors involves activation of Shh, BMP, and Wnt signaling (11, 16) . The specification of postmitotic motor neurons is directed by transcription factor HB9 (15) . In the dorsal portion of spinal cord, several populations of postmitotic dorsal interneurons, notably, dl2, dl4, and dl6, express the transcription factor Lim1/2 (20) . Therefore, we used antibodies to HB9, and antibodies to Lim2 to identify motor neurons and interneurons respectively. To examine whether Wnt3A treatment of ES cells induces motor or interneurons we used immunofluorescence with double staining for MAP-2 and HB9, and for MAP-2 and Lim2.
Our experiments showed that all six treatments (groups 1-6) have produced mixed populations of HB9 and Lim2 immunopositive cells (Fig. 2B) . The highest number of Lim2 positive cells were observed in group 6. We found that, 55.7± 5.5% (n=13) of generated neurons were Lim2 positive, while only 37.7± 3.9% (n=10) of generated neurons expressed HB9 (p<0.05). The number of Lim2 immunopositive cells were statistically higher in group 6 (56.0± 5.5%, n=10) in comparison to either group 5 (32.5± 3.9%, n=9) or group 1 (31.4± 4.9%, n=14) (Fig. 2C) . At the same time, the number of HB9 positive cells did not reveal any statistical differences between treatments (Fig. 2D) . Additional experiments showed that joint treatment with RA, BMP2 and Wnt3A produced 30.3±6.75% (n=5) of Lim2 positive cells, which was not statistically different from the number of Lim2 cells in group 3 (RA and BMP2). Treatment with RA, Shh and Wnt3A generated 22.2±6.5% (n=6) of Lim2 cells, which did not differ significantly from group 2 (RA+Shh). This demonstrated that only combination of Shh BMP2 treatments has stimulatory action on production of Lim2 positive cells. We also applied BMP antagonist, noggin, as well as, Shh inhibitor, SANT-1 to determine specificity of the BMP2 and Shh morphogenic action. The inhibitors were applied to cell culture at the time when Wnt3A was added to the culture. Interestingly, that each inhibitor effectively inhibited activity of the corresponding morphogene statistically reducing number of Lim2 cells, however application of noggin and SANT-1 together produced the most dramatic reduction in Lim2 population (Table 1) . At the same time no effect was observed in HB9 population. Collectively, these results demonstrated that only the regime that included combination of RA, Shh, BMP2 with Wnt3A produced the highest number of Lim2 positive cells. Therefore, this data showed that the treatment of ES cells with a combination of RA, Shh, BMP2, and Wnt3A produced a specific inductive effect on neuronal differentiation. This suggests that Wnt3A crosstalks with Shh and BMP signaling pathways.
To eliminate the possibility that the selection of Lim2 positive neurons was due to apoptotic cell death of other populations during the induction we used in situ cell death assay. The results of the assay revealed that at day 7 of neuronal induction in each group there were only 2.5-3.5% of apoptotic cells. Immunofluorescent staining against MAP2 revealed that no neuronal cells were dying by apoptotic cell death. This data confirmed that the induction of Lim2 cells was due to directed differentiation of ES cells toward dorsal interneurons.
Effect of inductive factors on neurite length and branching
We further examined whether selected treatments of ES cells with RA, Shh, BMP2, and Wnt3A may affect neuronal maturation. To address this question, we examined the influence of the six treatments on mean neurite length, as well as, on neurite branching. Comparison of mean neurite length in Lim2 positive cells demonstrated significant increase of neurite length in group 6 (144.4± 18.09 µm, n=10), group 5 (122.0± 6.1 µm, n=31), and group 3 (132.8± 9.6 µm, n=28) in comparison to group 1 (100.6± 6.9 µm, n=31) (Fig. 2E) . Surprisingly, the analysis of mean neurite length in HB9 positive cells revealed a very similar increase of neurite growth in group 6 (133.1± 5.2 µm, n=14), group 5 (144,1± 7.4 µm, n=22), and group 3 (139.6± 12.05 µm, n=21) relative to group 1 (106.8± 4.6 µm, n=28) (Fig. 2F) . Statistical analysis by ANOVA of mean neurite length between all groups revealed that the increase in mean neurite lengths in both Lim2 and HB9 positive cells was primarily due to BMP2 treatment.
Quantification of neurite branching for Lim2 positive cells showed that the mean number of branches in group 6 (6.3± 0.26, n=16) and group 5 (5.9± 0.29, n=13) were statistically higher than in group 1 (4.17± 0.3, n=21) (Fig. 2G) . Interestingly, the comparison of branching in HB9 positive cells revealed a remarkable similarity. In HB9 positive cells, the significant increase in the mean number of branches per cell was observed in group 6 (6.54± 0.35, n=8) and group 5 (6.5± 0.45, n=11) in comparison to group 1 (5.3± 0.24, n=14) (Fig. 2H) . ANOVA comparison between all groups demonstrated that the treatment with Shh+BMP2 was responsible for increased branching in both Lim2 and HB9 positive cells. Together with results on neurite length, this data indicates that the observed increase in maturation reflected by neurite outgrowth and neurite branching was due to BMP2 and Shh signaling in both HB9 and Lim2 positive neurons.
Generated neurons express synaptic proteins and neurotransmitters
We further examined whether generated HB9 and Lim2 positive neurons express synaptic proteins and appropriate neurotransmitters. Immunohistochemical staining revealed that Lim2 positive neurons express synapsin, synaptophysin, and postsynaptic protein PSD95 (Fig. 3A) . Immunohistochemical analysis of HB9 positive neurons demonstrated that HB9 neurons express the same synaptic proteins (data not shown). Immunofluorescent staining showed that HB9 neurons also expressed ChAT, indicating that the generated motor neurons are cholinergic (Fig.  3B ). Further analysis of Lim2 positive neurons also revealed that ~50% were immunopositive for GABA-producing glutamate decarboxylase, GAD67 (Fig. 3C) , while the rest were immunopositive for glutamate (Fig. 3D ).
To verify that the interneurons will release glutamate and GABA in response to stimulation extracellar levels of glutamic acid and GABA were analyzed using HPLC. Cells washed three times in PBS were exposed to fresh Neurobasal media with 100mM K + for 10 min. Conditioned (24h) and fresh media served as controls. Lyophilized samples were resuspended in 10 µl of citrate buffer and injected onto cation exchange column. The experiments showed that stimulation with K + increased extracellar concentration of glutamic acid 15 times (91 pmoles), and concentration of GABA 1.7 times (20.09 pmoles) in comparison with conditioned media (6 pmoles and 11.53 pmoles respectively). Thus, our experiments demonstrated that orderly application of RA, Shh, BMP2, and Wnt3A can stimulate differentiation of ES cells into dorsal interneurons that possess appropriate functional neurotransmitter machineries.
Neuronal progenitors express MAP-2 and synapsin
We also examined mitotic figures during the treatments using immunostaining with antiphospho-histone H3 (ser10) antibodies. Phosphorylation at Ser10 of histone H3 is tightly correlated with chromosome condensation during mitosis and serves as a marker of dividing cells. Interestingly, at day 16, a few dividing cells (~2-3%) were still identified in cell populations by staining cultures for histone H3. Surprisingly, these cells were also immunopositive for MAP-2 (Fig. 4A) and for synapsin (Fig. 4B) . Triple staining of the cells for DAPI, histone H3, and synapsin revealed neuronal cells possibly undergoing the last mitotic division (Fig. 4B) . These results indicate that the majority of cells were synchronized during the differentiation procedure, with only a few cells not yet having completed specialization.
DISCUSSION
The present study examined whether the application of inductive signals involved in neural development of the spinal cord may direct mouse ES cell differentiation into spinal interneurons. The inductive signals used in this study included RA, Shh, BMP2, and Wnt3A. These factors are well-known for their crucial role in early neural development, where signaling of RA induces differentiation of cells along rostral/caudal axis (21, 22) . Shh together with BMPs induce differentiation along ventral/dorsal axis (10, 11) , and Wnt signaling is required for cell proliferation and the formation of several regions of the CNS, including the midbrain, diencephalons, hippocampus and dorsal hindbrain (23) . The observations showed that these factors can be successfully used to direct stem cell differentiation. RA was used in a number of studies to induce neuralization of ES cells (4, 18) , while Shh was effectively used to produce motor neurons from ES cells (15) . Interaction between Shh and BMP was shown to regulate interneuron development from dorsal telencephalic progenitors (24) . Recently, Wnts, lipidmodified signaling proteins, have been implicated in promotion of neuronal differentiation in neural stem cell culture (25) and specification of dorsal character (16) .
Recent observations on action of the inductive factors have revealed their novel properties and effects both in vivo and in vitro. Specifically, Shh, BMPs, and Wnt have emerged as factors that control axonal guidance and growth (26) . For example, a recent study has shown a novel role for Shh, demonstrating that it guides the outgrowth of the retinal ganglion cell axons by direct signaling at the growth cone (27) . BMPs, in particular BMP7, has been recently implicated in regulation of axonal repulsion (28) , while BMP6 stimulated neurite outgrowth in culture (29) . In our experiments we observed that BMP2 has stimulated neurite outgrowth, which was reflected by significant increases of mean neurite length in all groups treated with BMP2. Interestingly, neurite outgrowth was increased in both Lim2 and HB9 cell populations. These results indicate that in addition to its morphogenic action, BMP2 has a neurotrophic effect on differentiating progenitors thereby affecting neurite growth. Here we also provide the first evidence that the Shh+BMP2 combination significantly increased the mean number of branches per cell. Intriguingly, this treatment increased neurite branching in Lim2, as well as, in HB9 positive cells. This indicates that crosstalk between Shh and BMP2 signaling may be an important regulator of neurite outgrowth in different neuronal cell types.
Recent observations on Wnt signaling has indicated that Wnts have an influence on multiple processes during development (30) . For example, Wnt signaling via β-catenin and cadherin pathways is important for cell-cell adhesion in organization and maintenance of stem cells. In another study, Wnt/ β-catenin signaling in neural crest stem cells had little effect on cell proliferation and population size, but instead regulated fate decisions and promoted the formation of sensory neural cells in vivo (31) . Moreover, the Wnt/ β-catenin pathway has been identified as a critical mediator of dendritic morphogenesis and formation of functional neuronal networks (32) . Another report showed that Wnt3A protein added to neural stem cells promoted differentiation into MAP-2 positive neuronal cells (25) . In our experiments, the addition of Wnt3A to Shh/BMP2 pretreated cells significantly increased total number of MAP-2 positive neurons. Within MAP-2 population, we observed dramatic increase in the quantity of Lim2 positive neurons. Taken together, these results demonstrate that Wnt signaling promotes neuronal differentiation of stem cells along specific lineages. In our experiments, the application of Shh, BMP2, and Wnt3A stimulated differentiation of ES cells into MAP-2 positive neurons possessing neuronal marker for dorsal interneurons (Lim2), synaptic proteins (synapsin, synaptophysin, PSD95), and neurotransmitter machineries (GAD67 and glutamate) characteristic for spinal interneurons. The functional neurotransmitter release (glutamate and GABA) after stimulation with K + was also confirmed by HPLC. What was interesting here is that Shh, BMP2, and Wnt3A applied separately failed to produce any significant morphogenic effects, while application of the same factors in combination and sequence produced a new, inductive action responsible for neuronal differentiation toward dorsal interneurons. The experiments with antagonist of BMP noggin and inhibitor of Shh SANT-1 showed that noggin, SANT-1, or noggin+SANT-1 combination abolished Wnt3A inductive action statistically reducing the number of Lim2 positive cells. These data showed that differentiation into dorsal interneurons depends on both BMP and Shh signaling. These results led us to hypothesize that Wnt3A inductive action relies on crosstalk with both Shh and BMP2 signaling pathways (Fig. 5) .
Future studies aimed at dissecting molecular context that allows Wnt signaling to regulate ES cell differentiation into dorsal interneurons should yield important insights into mechanisms that control the development of dorsal horn neuronal populations. The identification of these mechanisms may provide the means to generate specific classes of interneurons from ES cells for therapeutic applications. 
